Introduction 
=============

Factor IX (FIX, Christmas factor) is a blood clotting factor, a zymogen of serine protease. Upon activation, FIX is converted into the active serine protease and, in the presence of Ca ^2+^ and membrane phospholipids, it hydrolyses one arginine-isoleucine bond in factor X to form the activated factor X (Xa) \[[@R1]\]. The catalytic efficiency of activated FIX (FIXa) is greatly increased by the cofactor, the activated factor VIII (FVIIIa). The non-covalent complex of FIXa, FVIIIa and FX, bound to the phospholipid membrane, is called "the X-ase" or "tenase" and represents a major signal amplification loop in the blood coagulation cascade ( *[Fig. 1](#F1){ref-type="fig"}* ). 

Factor IX is produced in the liver, and the inactive precursor protein is processed in the endoplasmic reticulum and Golgi, where it undergoes multiple post-translational modifications and is secreted into the bloodstream upon proteolytic cleavage of the propeptide. Circulated mature FIX, 57 kDa and app. 90 nM, takes part in the blood coagulation cascade after specific proteolytic cleavage by the activated factor XI (of the contact pathway) or the activated factor VII (of the tissue factor pathway), with the formation of two polypeptide chains linked by a single disulfide bridge. Activated FIX is slowly deactivated by multiple factors -- binding to antithrombin III, nexin-2, the protein Z-dependent protease inhibitor, and endocytic hepatocyte receptors or degraded by neutrophil elastase \[[@R3]\].  

The gene of human FIX lies in the X chromosome, has 8 exons, and spans 33.5 Kb. Various mutations in this gene can impair the functioning of the FIX protein, resulting in bleeding-disorder hemophilia B: these mutations are present in the dedicated database \[[@R4]\]. The rate of incidence of severe hemophilia B, requiring regular replacement therapy, is 1 in every 30,000 men, which represents approximately 20% of all hemophiliacs. Recently, it has been proved that European royalty suffered from hemophilia B: the last affected person passed away in 1940 \[[@R5]\]. The point mutation discovered in these kindred resulted in altered splicing and truncated form of the FIX protein.  

In some cases, mutations in the promoter region of the gene result in the less severe hemophilia B Leiden \[[@R6]\], characterized as a nearly complete absence of FIX in childhood and steady increase in the level of endogenous FIX during puberty to the near-normal values. 

Current treatment of hemophilia B is restricted to protein-replacement therapy, which is very expensive for patients and the healthcare system. Only 20% of the world's population can afford the treatment; so hemophilia B remains lethal in childhood in poor countries \[[@R7]\].  

Replacement Therapy of Hemophilia B 
====================================

Initial specific therapy of hemophilia B used to consist of periodic treatment by plasma transfusions, later replaced by more effective prothrombin complex concentrates (PCC), which contain a mixture of VKD pro-coagulation factors, including FII, FVII and FX. The most significant drawback of PCC is the risk of thrombotic episodes. Purer preparations of FIXhave been isolated through Cohn fractionation by ion-exchange chromatography. The safety of plasma-derived FIX preparations has also been improved by the introduction of various virus-inactivation steps, including heating, thiocyanate, and solvent-detergent treatment, which allow to remove enveloped viruses; and nanofiltration, to remove nonenveloped viruses \[[@R8]\]. 

![Scheme of blood coagulation cascade and international nomenclature of coagulation factors \[[@R2]\]. *VKD - vitamin K dependent; SP - serine protease, TG - transglutaminase; E -- extrinsic pathway; I -- intrinsic pathway; NEC - non-enzymatic cofactor, FC - final common pathway. 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Another limitation on the safety of FIX plasma concentrates is placed by the detectable amount of activated FIX (FIXa) and residual levels of other pro-coagulation factors, which result in a still significant risk of thrombotic episodes. Immunoaffinity purification of plasma-derived FIX has been sufficient to overcome these limitations \[[@R9]\], but as in any other plasma-derived product, the risk of viral and prion transmission remains \[[@R10]\].  

Recombinant FIX 
================

Cloning of FIX cDNA was reported in 1982 \[[@R11]\], and biologically active FIX was expressed in a rat hepatoma cell line, mouse fibroblasts, and baby hamster kidney (BHK) cells in 1985 \[[@R12]-[@R14]\]. Expression of FIX in industrially suitable CHO cells was achieved in 1986 \[[@R15]\].  

The first and only marketed medicinal product of recombinant FIX to date is Nonacog alpha (trade name Benefix). It was approved for clinical use in the U.S. and European Union in 1997. Nonacog alpha is expressed by CHO cells, cultivated in an animal origin components-free medium, purified through 4 chromatographic steps without the use of immunoaffinity columns, and virus-inactivated by nanofiltration with a cut-off limit of 70 kDa \[[@R16]\]. The final product is formulated as a lyophilized powder without human serum albumin \[[@R17]\]. Initial formulation allowed for 250- to1,000-IU strength in one vial, and reformulation of recombinant FIX extended this interval up to 2000 IU/vial strength \[[@R18]\], additionally allowing for room-temperature storage. 

![Structure of FIX. S -- signal peptide; P -- propeptide, Gla -- Gla domain, EGF1 and EGF2 -- epidermal growth factor-like domains, AP -- activation peptide, Protease -- serine protease domain. Posttranslational modifications sites: Gla -- γ-carboxylation, Hya -- β-hydroxylation; S -- sulfation, P -- phosphorylation, ♦ -- N-linked and ● -- O-linked glycosylation, cleavage points are indicated by triangles, main possible routes for factor IX production or activity improvement are typed in grey. ](AN20758251-13-062-g002){#F2}

Clinical studies of recombinant FIX have showed that the safety and efficacy of recombinant and plasma-derived FIX are comparable, and no evidence of viral transmission was detected after 1,514 infusions of recombinant FIX to 56 patients \[[@R19]\]. The immune response level to infused recombinant FIX was also comparable to plasma-derived FIX \[[@R20]\].  

Recombinant FIX has been extensively investigated for structural deviations from natural FIX and the significance of such deviations. The germinal studies claimed that there were close similarity in post-translational modifications \[[@R21]\], although the adjusted recovery of FIX activity following a bolus infusion was found to be significantly lower for recombinant FIX \[[@R22]\], resulting in a 1.5- to 2-fold increase of the recommended dose \[[@R23]\]. The pattern of post-translational modifications was found to be indistinguishable between lots of recombinant FIX from two production plants\[[@R24]\]; thus, the differences in recombinant and plasma-derived FIX appear to be rather process-specific. 

Structure and post-translational modifications of FIX 
======================================================

The FIX protein is a member of vitamin K-dependent (VKD) blood clotting factors and consists of four structural domains: the Gla domain, two tandem EGF-like domains, and a C-terminal serine protease domain ( *[Fig. 2](#F2){ref-type="fig"}* ). The N-terminal signal peptide of FIX is released after translocation to endoplasmic reticulum, and the propeptide, immediately preceding the Gla-domain, is removed at secretion. The activation peptide, which is located between the second EGF domain and the serine protease domain, is specifically cleaved by the factor XIa at the activation of FIX. 

The N-terminal Gla domain of mature FIX, common to members of the VKD group, mediates the binding of FIX and FIXa to the surface of endothelial cells; this interaction is disrupted completely if γ-carboxylation of the Asp residues in the Gla domain is blocked \[[@R25]\]. The first EGF-like module is known to have a high-affinity Ca ^2+^ binding site and to take part in the interaction with factor VIIIa \[[@R26]\] and with the tissue factor \[[@R1]\]. It contains an unusual modification of the Asp64 residue to β-hydroxyaspartate (Hya). This modification does not affect the pro-coagulation properties of FIX \[[@R25]\], but exchange of the Asp64 residue to a basic or neutral amino acid impairs the activity of FIX \[[@R27]\]. Second EGF-like module also participates in the assembly of the FIXa-FVIIIa-FX complex \[[@R28], [@R29]\]. The EGF2 and protease domains of FIX are connected via the activation peptide and a single disulphide bond.  

The activation peptide contains many sites of post-translational modifications that have various impacts on the properties of the protein (summarized in *[Table 1](#T1){ref-type="table"}* ). The protease domain accounts for half of the mass of FIX. The serine protease active site in this domain is buried under the activation peptide and exposed after its cleavage. There are no known post-translational modifications in this domain; upon activation, it connects to the rest of the FIX molecule by a single disulphide bond located opposite the active site. The C-terminus of the activated FIX also lies far from the active site cavity of protease and allows the creation of functionally active fusion protein molecules.  

###### 

Post-translational modifications of FIX and its derivatives  

  Structural feature                                       Domain   Function of PTM                                pdFIX                                      rFIX (BeneFix)                                                                                                         Fc fusion                                                          PEG conjugate
  -------------------------------------------------------- -------- ---------------------------------------------- ------------------------------------------ ---------------------------------------------------------------------------------------------------------------------- ------------------------------------------------------------------ -----------------------------------
  Gamma-carboxilation (Glu → Gla)Total Gla and Gla share   Gla      Interaction with membrane, binding of Ca^2+^   total 12 (12/12)                           total 11,6 (60% 12/12, 35%11/12, 5% 10/12)                                                                             Ttl 11,2                                                           total 11,6 (33% 11/12; 64% 12/12)
  beta-hydroxylation (Asp64 → Hya)                         EGF      ND                                             37%                                        46% - 49%                                                                                                              70%                                                                partial
  N-linked glycans                                         AP       ND                                             3- and 4-antennary, sialated by Neu-5-Ac   more complex structure than pd, contain different linkages, more fucosilation and poly-acetillactoseamine structures   Both present, fucosylated core, 3- and 4-antennary, complex type   
  Asn157 heterogeneity                                     AP                                                      high                                       low                                                                                                                    low                                                                sialated*in vitro*
  Asn167 sialation                                         AP                                                      Full                                       less                                                                                                                   not full                                                           
  O-linked glycans                                                                                                                                                                                                                                                                   different from CHO-derived FIX, relative ratios                     
  Ser 53                                                   GLA      ND                                             (Xyl)1-2-Glc                               (Xyl)2-Glc                                                                                                             Present                                                            
  Ser 61                                                   GLA      ND                                             NeuAcGalGlcNAcFuc                          NeuAcGalGlcNAcFuc                                                                                                      Present                                                            
  Thr 159, Thr 167, Thr 172, Thr179 (?)                    AP       Blocks protease active site                    partial                                    partial                                                                                                                Partial                                                            
  Tyr 155 sulfation                                        AP       Accounts for*in vivo*activity recovery         \>90%                                      5%-15%                                                                                                                 4%                                                                 ND
  Ser 158 phosphorylation                                  AP       Accounts for*in vivo*activity recovery?        \>90%                                      \<10%                                                                                                                  \<10%                                                              ND
  Activated FIX                                                     Unwanted admixture                             0.21%+\_ 0.010%                            0.11+-0.0019%                                                                                                          \<0.013%                                                           0.03%

Although the only post-translational modification with a direct and significant effect on the pro-coagulation activity of FIX is the γ-carboxylation in the Gla domain \[[@R30]\], other modifications also play a more or less clear role in the functioning of FIX.  

The decrease in activity recovery in recombinant FIX was assigned by the research group of the Genetics Institute, Inc., to two PTM's -- absent phosphorylation of Ser158 and nearly absent sulfation of Tyr 155 in the recombinant FIX \[[@R21]\]. It was demonstrated that infusion of recombinant FIX enriched in the sulfated variant results in increased activity recovery, and, at the same time, that isolation of recombinant FIX from infused hemophilia B dogs results in the enrichment of the material by the sulfated FIX. It should be noted that both sites of the modification are located in the activation peptide and are in very close proximity to each other, as well as to the N-linked glycan at Asn157, making the separation of sulfated and phosphorylated molecules questionable.  

Natural FIX undergoes both O- and N-glycosylation. Berthing sites of O-linked oligosaccharides are present in the EGF1 domain \[[@R31]\] and activation peptide. Two O-linked oligosaccharides in the EGF domain are present uniformly in natural and recombinant FIX, and 2 to 4 possible O-glycosylation sites in the activation peptide are modified only partially \[[@R32], [@R33]\].  

There are also two sites for the mooring of N-linked oligosaccharides in the activation peptide of factor IX at the asparagine residues 157 and 167 \[[@R11]\]: both sites are fully occupied by predominantly sialated oligosaccharide groups in plasma-derived FIX \[[@R34]\]. Enzymatic cleavage of all sialic acid residues from the O- and N-linked groups does not alter the activation rate of FIX and its ability to activate factor X \[[@R35]\]. At the same time, the low level of sialation in N-linked glycans in the recombinant FIX may account for the differences in the binding to endothelial cells, the rate of clearance from circulation, or the susceptibility to proteolysis.  

The level of the last known PTM in the FIX - β-hydroxylation of Asp64 in the EGF1 domain of FIX is slightly increased in the recombinant FIX \[[@R25]\], but incomplete modification of Asp64 in the natural protein clearly indicates that this PTM is not biologically important for FIX \[[@R36]\].  

Since the currently marketed drug of recombinant FIX is not superior to plasma-derived FIX, at least in terms of the required dose strength and duration of action, further advances in studies of recombinant FIX variants and derivatives have clinical perspectives. 

Improvements in recombinant FIX production 
===========================================

The reported secretion level of recombinant FIX by the production cell line is relatively low: ca. 30 mg/l \[[@R37]\]. It may be increased by 30-50% upon addition of 1 nM of methyl testosterone to the culture medium \[[@R38]\] or doubled after the addition of phorbol 12-myristate, 13-acetate, and calcium ionophore \[[@R39]\]. The appearance of undesired activated FIX in the culture medium can be controlled by decreasing the Ca ^2+^ ions concentration to 0.5 mM from 1.12 mM \[[@R40]\]; in another study of the same group, it was found that an increase of Ca ^2+^ ions to 1.3 mM leads to a 30% increase in the production of FIX, without a significant rise in the FIXa level \[[@R41]\]. 

In the early investigation of recombinant FIX from CHO cells, it was found that propeptide processing in the secreted FIX is incomplete and that FIX with an attached propeptide is inactive \[[@R42]\]; complete or nearly complete propeptide processing can be achieved by co-expression of the subtilisin/kexin-like convertase PACE/furin. Homologous convertase PC5 \[[@R43]\] may also be employed \[[@R44]\].  

Pro-coagulation activity of FIX requires complete gamma-carboxylation of the first 10 Glu residues in the Gla domain: last 2 residues may not be carboxylated \[[@R45]\]. Natural FIX is completely γ-carboxylated in all 12 residues, and in recombinant FIX the level of γ-carboxylation is reduced at last two residues, yielding an average of 11.5 Gla residues per molecule \[[@R37]\] and normal clotting activity (not less than 200 IU/mg). In the case of BHK host cells, the pro-coagulant activity of the secreted FIX declined for highly producing line, and over-expression of vitamin K 2,3-epoxide reductase enzyme (VKOR), which produces the cofactor for the γ-carboxylation reaction, restored the relative pro-coagulant activity to its normal level \[[@R46]\]. 

There are no direct investigations of the rate-limiting step in the post-translational modifications cascade for recombinant FIX, and various enhancements in the CHO enzymes levels may increase the secretion of rightly processed FIX. At least one type of modification -- processing of propeptide -- may be carried out in the culture medium utilizing the co-expressed soluble truncated PACE variant \[[@R37]\]. In the case of the homologous VKD protein -- human protein C (hPC) -- it was found that the rate-limiting step for recombinant hPC, expressed in human 293 cells, is N-glycosylation \[[@R47]\]; in the case of another VKD homologue -- factor VII expressed in CHO cells -- both glycosylation and γ-carboxylation limit the secretion of the product \[[@R48]\]. It is interesting to note that the typical secretion level of factor VII is \~5 times higher than that of FIX in industrially deployed cell lines and that the only significant difference in the post-translational modifications of these two proteins is more abundant O-glycosylation of FIX. 

CHO-derived cell lines, which are currently employed for the production of recombinant FIX, may be substituted for more productive ones. Natural FIX is produced by liver cells, and it has been established that the human hepatoma cell line HepG2 produces 1.5 times more recombinant FIX than the human kidney cell line 293 after transfection by the same retroviral vector \[[@R39]\]. Nonvertebrate cultured cells were also evaluated for the expression of FIX, and in a drosophila-derived SF2 cell line a 12-fold increase in functionally active FIX secretion, compared with CHO cells, was detected \[[@R49]\].  

Transgenic organisms 
=====================

The milk of transgenic animals has been considered as a better source of recombinant therapeutic proteins for the last twenty years. FIX has been expressed in transgenic sheep as a fusion gene comprising the beta-lactoglobulin and FIX sequences, and small quantities of inactive FIX have been detected in the milk \[[@R50]\]. Higher levels of FIX, secreted in sheep milk, have been achieved using the nuclear transfer technique developed by PPL Therapeutics \[[@R51]\]. The producing species were created using the same technique as the one employed for Dolly the Sheep and called Molly and Polly. Similar results have been obtained for transgenic goats -- 13.7 µg/l with \>90% of active "gamma-glycosylated" form \[[@R52]\], and mice -- up to 60 mg/l at 50% of biologically active FIX \[[@R53]\]. 

###### 

Main characteristics of transgenic animals as live bioreactors and calculations of expected flock size for FIX production 

  Animal   Gestation, months   Maturation, months   Milk output, l\*^\#^   Initiation of transgene to lactation time (month)   Estimated productivity values, g\*^\#^,   Calculated productivity values for rFIX, g \*   Reported FIX secretion values, corrected to actual concentration of active form
  -------- ------------------- -------------------- ---------------------- --------------------------------------------------- ----------------------------------------- ----------------------------------------------- ---------------------------------------------------------------------------------
  Mouse    0.75                1                    0.0015                 3-6                                                 0.01- 0.02                                0.000 045                                       30 mg/l \[[@R53]\]
  Rabbit   1                   5-6                  2-5                    7-8                                                 20                                        \-                                              \-
  Sheep    5                   6-8                  200-500                16-18                                               2500                                      5 -- 12.5                                       25 mg/l, inactive \[[@R50]\]
  Goat     5                   6-8                  600-800                16-18                                               4000                                      0.008 -- 0.011                                  0,0137 mg/l \[[@R52]\]
  Pig      4                   6-8                  200-400                15-16                                               1500                                      75 - 150                                        375 mg/l \[[@R55]\]
  Cow      9                   16                   8,000                  30-33                                               4,000-8,000                               \-                                              \-

\*- per year per doe 

The most successful studies were those that used pigs \[[@R54] - [@R56]\]. Despite good theoretically predicted yields, actual factor IX production levels were moderate (summarized in [Table 2](#T2){ref-type="table"}). The supposed rate-limiting step in the secretion of FIX by porcine mammary gland cells is γ-carboxylation. Full specific activity (i.e. complete carboxylation) of the product was noted for these animals, producing FIX at 200 mg/l \[[@R54]\], and only 10-20% of normal specific activity was noted for FIX from pigs, producing at the level of 2-3 g/l \[[@R55]\]. Nevertheless, a viable purification process was developed for this source of under-carboxylated FIX, and the purified product, highly enriched in fully carboxylated FIX, was found to be correctly glycosylated \[[@R56]\] and is expected to be included in clinical trials. It should be noted that usage of milk from transgenic pigs, instead of the bioreactor harvest medium, results in approximately a 10-fold higher concentration of the target protein at the expense of a much higher level of contaminating proteins, lipids, and lack of sterility. Another protein with comparable structure complexity -- antithrombin III -- was expressed in goat milk at a 1-2 g/l level and purified to pharmaceutical grade with a 53% yield \[[@R57]\]. The consumption of FIX in the U.S. can be estimated at 2 kg/year; and world consumption, at 40 kg/year. Based on the known milk output, 40 pigs will cover the U.S. market of FIX and 800 will cover the world at the present level of expression and 50% total process yield. 

Other potential sources of biopharmaceutical proteins are the seeds and tissue of transgenic plants. At present, production of functionally active VKD proteins in transgenic plants is impossible, because the plants lack γ--carboxylases \[[@R60]\]. This limitation may be bypassed by co-expression in the plants of mammalian γ--carboxylases and their co-enzymes, but it is unlikely that such a complex task will be accomplished in the near future.  

Expression of inactive FIX in transgenic plants has been reported to date in transgenic tomatoes \[[@R61]\] and soybean seeds \[[@R62]\]. The expression level of FIX in tomatoes was quite low: 15.84 µg/kg of fresh fruits. In the case of soybean seeds, a very promising 800 mg/kg expression level was achieved. Both systems yielded a mature glycosylated form of the target protein.  

In some rare cases of hemophilia B (1.5--3%), large titers of neutralizing antibodies are developed by the immune system of patients in response to replacement therapy by FIX preparations \[[@R63]\]. These inhibitor antibodies render ordinary therapy and prophylaxis by FIX ineffective and require higher doses of FIX or immune tolerance induction (ITI) by frequent infusions of very high quantities of FIX. ITI protocols for hemophilia B last from months to years and are dangerous for patients due to the development of the nephritic syndrome and life-threatening anaphylactic reactions. At least some of the side effects in ITI treatments are caused by the excessive pro-coagulant activity of the FIX infused, and inactive variants of FIX may better serve as the immune-tolerance-inducing agent. The fusion protein of FIX and the known transmucosal carrier cholera toxin β-subunit were expressed in tobacco chloroplasts (400 mg/kg of leaf tissue) and tested as administered orally frozen leaf powder for the prevention of inhibitor antibodies formation in FIX knockout mice treated with human FIX \[[@R64]\]. The control animals, fed the leaf powder from untransformed tobacco, developed 2-90 Beteshda units per ml (BU/ml) of inhibitor antibodies toward human FIX, and in mice fed the leaf powder with encapsulated fusion of the toxin subunit and FIX, the inhibitor level was indistinguishable from the baseline. These data are backed by the mortality rate of treated and control mice -- 10% vs. 75% after eight weekly injections of human FIX. 

Variants of recombinant FIX 
============================

![Genetic fusions of FIX. Panel A fusion of FIX and HAS, panel B fusion of FIX and Fc fragment of IgG. L -- linker peptide, H -- hinge region of IgG, CH2 and CH3 -- second and third constant domains of IgG.](AN20758251-13-062-g003){#F3}

Historical use of plasma-derived FIX for hemophilia B therapy dictated the utilization of intact recombinant FIX as a drug. The exact recombinant copy of the natural FIX is expected to be nonimmunogenic for patients and perform comparably to the proven plasma-derived preparations. At the same time, current replacement therapy using FIX requires very frequent infusions of large quantities of high-priced FIX drugs. Modifications to the FIX molecule making it more active or more stable in the bloodstream may prove significantly advantageous to the patients and healthcare professionals involved. 

The specific activity of FIX in the blood coagulation assay may be increased threefold by a single point mutation, Arg338-\> Ala338 \[[@R65]\], without affecting the tenase complex assembly. An exchange of 2 aminoacids and 2 short surface loops between FIX and factor X molecules was sufficient for the creation of a hybrid molecule with very high proteolytic activity and enzyme specificity, which is typical of factor X \[[@R66]\]. Further work limits the minimal set of point mutations required to 3 -- Lys98, Tyr177, and Tyr94 \[[@R67]\]. No data on pro-coagulant activity were collected for these mutant forms of FIX. 

Since the majority of hemophiliacs suffer from the absence of factor VIII, a protein cofactor of FIX, engineered variants of FIX capable of direct activation of FX may serve as therapy for hemophilia A. They are also insensitive to inhibitor antibodies toward factor VIII. The triple mutant of FIX Val181Ile, Lys265Thr, and Ile383Val employed as the gene therapy vector successfully bypassed factor VIII and corrected the hemophilia A phenotype in mice \[[@R68]\]. 

The pharmacokinetic properties of FIX can be improved by genetic fusions with long-lasting plasma proteins or covalent conjugation with hydrophilic polymers. Fusion of FIX and human serum albumin has been realized through the noncleavable short linker peptide or the linker peptide cleavable by factor Xia, simultaneously with the activation of FIX \[[@R69]\]. The noncleavable linkers were (G) ~6~ V and SS(GGS) ~6~ GS, the cleavable linkers were derived from FIX and consisted of the amino-terminal activation site encompassing the amino acids 136 to 154 or 137 to 154 of mature FIX. Activation of rIX-FP with a noncleavable linker results in an activated FIXa molecule with albumin still attached to it, and activation of rIX-FP with a cleavable linker results in the release of albumin and a FIXa molecule that differs from wild-type FIXa only by a short C-terminal linker fragment derived from the FIX molecule itself ( *[Fig. 3](#F3){ref-type="fig"} A* ). Utilization of the cleavable linker resulted in a 10- to 30-fold increase in the specific activity of fused FIX in the coagulation assay, and the variant of albumin fusion demonstrated a significant increase in the half-life in animal models and efficacy in reducing bleeding time in FIX(-/-) mice.  

The presence of the Fc domain of immunoglobulin G enables the fusion protein to bind to the neonatal Fc receptor (FcRn), a heterodimer of the MHC class I-like protein heavy chain with beta-2-microglobulin. FcRn protects Fc-containing IgG molecules from catabolism byreversible binding to the surface of endothelial cells \[[@R70]\].  

Fusion of FIX and the Fc fragment expressed in human HEK-293H cells and isolated as the covalent heterodimer of the FIX-Fc chain and free Fc chain ( *[Fig. 3](#F3){ref-type="fig"} B* ) has acceptable specific pro-coagulant activity (ca. 50 IU/mg) and has demonstrated a significant increase in terminal half-life in many animal models \[[@R44]\]. The half-life in monkey was 47.3 ± 9.1 h versus 12.7 h for intact FIX. A similar 3-fold increase in half-life was recorded in phase I/II clinical trials of the FIX-Fc fusion \[[@R71]\].  

Group-specific attachment of PEG moiety to the N-glycans of FIX ( *[Fig. 2](#F2){ref-type="fig"}* ) will lead to the conjugate, which will convert to natural, activated FIX, leaving the attached PEG on the released activation peptide. This kind of conjugate, with a single 40-kDa PEG group attached (N9-GP), was used in animal studies \[[@R72]\] and clinical trials at dose levels of 25-100 U/kg, showing a mean half-life of 93 h, 5 times higher than that of the intact FIX \[[@R73]\]. It is interesting to note that the incremental recovery of N9-GP was 94% higher compared with recombinant FIX, a possible indication that the PEG group may shield the FIX molecule from an undesired interaction with the cell surface or block the ability of N-glycans to mediate such an interaction. This difference in activity recovery may also be caused by the full sialation of glycans performed *in vitro* after purification of the FIX. 

Prolonged action of FIX may be achieved by various encapsulation techniques, allowing a slow release of the entrapped protein into circulation. The carrier material can be a biodegradable polymer, liposome, etc. A detailed description of this field is out of scope of the present review. A very unusual method of FIX encapsulation was recently developed for human trials \[[@R74]\]. Red blood cells were mixed with FIX *ex vivo* , shocked for the encapsulation of the target protein inside the cells, and injected back to the patient. The entrapped FIX slowly released from the red blood cell ghosts upon their lysis in the bloodstream.  

Gene therapy of hemophilia B 
=============================

Simultaneously with the development of recombinant FIX protein therapeutics, gene therapy strategies for hemophilia B treatment have been developed. Protein substitution therapy has obvious limitations: treatment is not curative, and during all of the patients' lives there remains a significant risk of bleeding episodes and chronic joint damage. Other general disadvantages of constant protein infusions are the high cost of the treatment, limited availability of the medication, low half-life of the clotting factor, and risk of neutralizing antibodies (inhibitors) formation toward the administered FIX protein. 

Both forms of hemophilia are a particularly good target for gene therapy since they are caused by a well-known single gene defect and have a broad therapeutic window: achievement of 1% of the normal plasma FIX level can prevent most patient's risks, and a concentration of the clotting factor as high as 150%, likewise, is not expected to cause any side-effects. For gene therapy, the therapeutic level of the expressed FIX is usually considered as 5-10% of the normal plasma level; in this case further protein injections might be avoided. A low (under-therapeutic) expression level of FIX may still be enough for immune tolerance induction in patients suffering from the inhibitory form of the disease.  

Transfer of the FIX gene *in vivo* is possible even by the naked plasmid DNA, as has been shown in animal models. Hydrodynamic injection of expression plasmid containing human FIX cDNA and the hepatic control region was sufficient to achieve therapeutic levels of FIX in deficient mice for 210 days \[[@R75]\]. The delivery technique employed -- injection of 50 µg of the plasmid in 2 ml of solution in 5-8 sec into the tail vein -- is definitely unsuitable for human therapy, and a significant modification of hydrodynamic injection should be invented before clinical studies can take place.  

Target cDNA may be delivered more efficiently by chromosome-integrating viral vectors of retroviral (RV) or lentiviral (LV) origin or by predominantly episomal adenoviruses (AV) or adeno-assoсiated viruses (AAV). 

Historically, RV particles had been used first for the transduction *ex vivo* of fibroblasts from model animals by FIX cDNA and subsequent re-implantation of the modified cells. A low level of human FIX was detected in the plasma of the treated animals \[[@R76]\]. A very small percentage of the animals with re-implanted transduced fibroblasts test positive for FIX production, but the effect remains stable for more than 600 days on the rabbit model \[[@R77]\]. A phase I clinical trial for hemophilia B was conducted with autologous skin fibroblasts transduced *ex vivo* with FIX-encoding γ-retroviral vectors \[[@R78]\] and resulted in a transient, moderate increase in the FIX plasma level in two patients.  

Lentiviral vectors, in contrast to γ-retroviral vectors, are able to transduce hepatocytes of the adult liver *in vivo* . Therapeutic levels of FIX have been achieved (transiently) in adult hemophilic mice, following intravenous injection of LV \[[@R79]\]. LV are also able to effectively transduce spleen antigen-presenting cells (APC), leading to an immune response against circulating transgene proteins \[[@R80]\]. This unwanted ability of LV may be diminished by restricting transgene expression to certain cell types by utilizing tissue-specific promoter sequences and by co-expression of microRNA's, eliminating off-target expression. Long-term FIX expression in mice using a hepatocyte-specific promoter and hematopoietic cells-specific microRNA miR-142-3p has resulted in a more than 10% level of circulated FIX for 280 days in hemophilia B model mice \[[@R81]\]. No antibodies toward FIX were detected, and all animals survived after a challenge by tail-clip.  

Expression of FIX may also be restricted to hematopoietic cells to ensure better availability of the target protein to the sites of its action. Integrin alpha II b promoter-bearing LV constructs, expression-targeted to megakariocytes, were used in hemophilia B mice models and showed promising results: accumulation of FIX in the alpha-granules of platelets and release after activation \[[@R82]\], and phenotype correction was proven by full survivability after tail-clip. 

Common to all integrating viral vectors, including RV and LV, are safety concerns of insertional mutagenesis and oncogene activation after vector integration \[[@R80]\]; so vectors with episomic persistence, bearing FIX transgene, are attracting much more attention. High-capacity adenoviral vectors (HCAV) with episomic persistence, bearing no viral genes, are known to trigger a reduced immune response, and the use of a tissue-specific promoter (e.g. hepatic) can further diminish the response, therefore prolonging the gene expression period \[[@R83]\]. HCAV with a liver-specific promoter has yielded therapeutic expression levels of IX with limited toxicity in hemophilic mice \[[@R84]\] and hemophilic dogs \[[@R85], [@R86]\], and yet a gradual decline in transgene expression was observed. Inhibitor antibodies, as well as hematologic and hepatic toxicities, were detected in animals injected at high vector doses \[[@R86]\], limiting the expression period to 446-604 days in dogs.  

Adeno-associated viruses are believed to be better carriers of target genes at the expense of limited packaging capacity, not exceeding 4.7 k.b.p. They are nonpathogenic, replication-deficient, and have a very low probability of chromosomal integration. \[[@R87]\] 

AAV particles for gene therapy studies can be manufactured by the GMP-compliant process \[[@R88]\]. In most clinical trials with AAV vectors intramuscular injection or portal vein infusion routes have been used, directing viral particles to skeletal muscle cells or hepatocytes.  

Long-term FIX expression has been achieved following muscle-directed gene transfer by the AAV2-FIX vector in hemophilia B dogs with a missense mutation \[[@R89]\]. Inhibitor antibodies development depended on the nature of the FIX gene defect in the treated animals -- dogs with missense mutation in the FIX gene developed virtually no inhibitors \[[@R89]\], and dogs with premature stop codon and unstable mRNA in the FIX gene developed a significant level of the inhibitor \[[@R90]\] that correlated with the AAV dose used \[[@R91]\]. A phase I clinical trial for intramuscular injection of AAV2-FIX vectors was performed in hemophilia B patients with missense mutations using a limited vector dose per site \[[@R92]-[@R94]\]. The treatment proved safe but ineffective: the achieved FIX levels were below the therapeutic level.  

Utilization of a more invasive procedure aimed at delivering AAV particles to the liver resulted in FIX expression without inhibitor development in normal and hemophilic mice, hemophilia B dogs, and nonhuman primates \[[@R87], [@R95]-[@R99]\]. An 8-year study in inhibitor-prone null mutation hemophilia B dogs treated with liver-directed AAV2-FIX demonstrated long-term hemophilia correction without inhibitor development \[[@R100]\].  

A phase I clinical trial was conducted for hemophilia B patients with intrahepatic infusion of AAV2 vectors encoding FIX and a liver-specific promoter \[[@R101]\]. FIX levels of up to 10% were achieved, but the transgene expression period was no longer than 6 weeks, most likely the result of an immune response toward capsid components. It has been suggested that the rapid elimination of the transduced viruses could be caused by the pre-existing immune response to wild-type AAV2 viruses, which are common in the population \[[@R101], [@R102]\]. Other serotypes of AAV, namely AAV8 and AAV9, both having a liver tropism and less common in human population \[[@R103]\], have been tested on model animals. AAV8 has been found to be a more effective carrier of the FIX gene than AAV2 in mice and dog models \[[@R104]\], \[[@R105]\] and has demonstrated long-term (up to 5 years) safety and efficacy in nonhuman primates \[[@R106]\], with a constant therapeutic level of transduced FIX in the optimal vector dose group. Phase I clinical trials are being conducted for the AAV8-FIX delivered by peripheral vein infusion. The expected immune reactions were diminished by a several-weeks course of prednisolone; the levels of FIX achieved have been in the range of 1% to 8% of normal values in the six patients treated. Two of them cut back infusions of FIX, and four have gone off infusions \[[@R107]\].  

Conclusion 
===========

Despite a sustained research effort, existing therapy for hemophilia B relies mainly on the infusion of FIX, with no significant justification for the bias for plasma-derived or recombinant protein. Modification of the FIX molecule by domain fusions or conjugation with PEG may decrease the frequency of infusions, but rather will change the cost and overall safety of the treatment. Gene therapy by FIX cDNA in viral vectors is promising for a significant proportion of patients. It has the potential to diminish the need for transfusions for the majority and completely eliminate that need for some. Hopefully, the straight increase in the production of recombinant FIX achieved through the adoption of biosimilars produced using more productive cell lines and transgenic animals will yield benefits to the world's population of hemophilia B patients in the years to come.  

FIX

:   Factor IX

rFIX

:   recombinant factor IX

rhFIX - recombinant human factor IX; FIXa - activated FIX; pdFIX - plasma-derived factor IX; PTM - posttranslational modification; VKD - vitamin K dependent; IU

:   international unit

EGF

:   epidermal growth factor
